Introduction
miRNAs are sncRNAs 21-23 nucleotides in length that widely exist in eukaryotic cells and are evolutionarily conserved.
1 miRNAs are extremely important gene-regulatory substances that regulate transcription of approximately 30% of human genes and control many important physiological processes, such as cell differentiation, proliferation, and programmed cell death.
2,3 miRNAs perform these functions by affecting the stability of mRNA or suppressing translation by binding to miRNA-response elements (MREs) on the 3' untranslated regions of mRNAs, thus leading to the regulation of protein expression. 3, 4 In addition to the traditional miRNAmRNA regulatory mechanism, emerging research has shown that other ncRNAs, including pseudogenes, circRNAs, and lncRNAs, can also interact with miRNAs to form complex RNA communication systems. 5 These ncRNAs also have many MREs similar to mRNAs. 6, 7 The ceRNA hypothesis posited that all kinds of RNAs (including mRNA and ncRNAs) have the same or similar MREs that can interact to compete for the limited pool of miRNAs, which generates changes in their respective expressions. 8 The RNAs that harbor MERs act as ceRNAs and are also known as molecular sponges.
With the discovery of ceRNAs, miRNAs were no longer regarded as separate elements in disease. The function of the ceRNA network (ceRNet) in various human diseases is gradually gaining importance, and compelling evidence has emerged indicating that ceRNA cross talk is involved in the development of several diseases and crucially relevant in various cancers. 9, 10 We defined ceRNA-mediated cross talk by sponging miRNAs in oncogenesis as oncocers. 11 The analysis of oncocers has become a powerful tool to identify functions in tumorigenesis, such as gastrointestinal cancer, breast cancer, thyroid cancer, clear-cell renal carcinoma, lung cancer, and lymphoma. [12] [13] [14] [15] [16] [17] Systematic construction and analysis of ceRNet may have a profound impact on the diagnosis and treatment of cancer.
Esophageal cancer (EC) is the sixth-leading cause of cancer-related death globally and particularly prevalent in eastern Asia. 18, 19 Therapeutic options, including surgery, chemotherapy, and radiotherapy, appear to be beneficial for patients with EC. However, due to the lack of early symptoms, most affected patients are diagnosed at an advanced stage, which can diminish the effects of therapy. Also, the 5-year survival rate is <15%. 19, 20 Molecular and biological alterations are likely to occur long before significant morphological lesions are apparent in EC patients. 21 A complete understanding of the molecular changes between normal and cancerous tissue will be important for the treatment of EC. Over the past several years, studies have focused on the molecular biomarkers of cancer. 22 The aforementioned ceRNA hypothesis has been effective in helping clinicians to select diagnostic markers and has been successfully applied in various cancers. 10, 23 However, there have been relatively few studies on the roles of ceRNAs in EC. Use of the ceRNA hypothesis could be valuable in EC for the identification of oncocers.
In the present study, which is based on the ceRNA hypothesis, we hypothesized that oncocers could be an underlying mechanism for the development of EC and also be potential biomarkers for EC. We identified DEmRNAs, DElncRNAs, and DEmiRNAs between normal and EC tumor tissues from the Cancer Genome Atlas (TCGA) database. We then predicted DEmiRNAs and their targets according to bioinformatic analysis using miRcode, miRDB, miRTarBase, and TargetScan to build an initial ceRNet. Microarray data of GSE6188, GSE89102, and GSE92396 and correlation analysis were used to identify oncocers. In addition, we built a least absolute shrinkage and selection operator (LASSO) model to combine oncocers to improve the diagnosis of EC. The results revealed EC-associated oncocers and clarified their clinical significance.
Methods

Microarray-data information
The transcriptome profiles of mRNA, lncRNA, and miRNA of the EC training set were acquired from TCGA. The profiles contained eleven normal and 162 EC tissue samples. The miRNA profile GSE6188, 24 lncRNA profile GSE89102, and mRNA profile GSE92396 were obtained from the Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/ gds) as independent validation sets to verify the results from TCGA. The clinical data of patients was downloaded from cBioPortal (http://www.cbioportal.org). 25, 26 Construction and validation of ceRNA network A flowchart of the construction and validation of the ceRNA network is presented in Figure 1 . Initially, we separated lncRNA and mRNA according to their gene labels. The R language package DESeq (http://bioconductor.org/packages/release/bioc/html/DESeq.html) was used to identify DEmRNAs, DElncRNAs, and DEmiRNAs from TCGA, with settings adjusted to P<0.05 and |log 2 (fold change)|>2 as the cutoff. According to miRcode (http://www.mircode.org), used to predict human microRNA targets, we analyzed the possible relationship between miRNAs and DElncRNAs. Thereafter, we identified the intersections of DEmiRNAs and miRNAs predicted from miRcode to discern the initial relationship between miRNAs and lncRNAs. Secondly, we predicted targets of DEmiRNAs using miRDB (http://www.mirdb. org), 27, 28 miRTarBase (http://mirtarbase.mbc.nctu.edu.tw/ php/index.php), 29 and TargetScan (http://www.targetscan.org/ mamm_31). 30, 31 mRNAs were identified only when relationships between DEmiRNAs and predicted mRNAs were coincident in miRDB, miRTarBase, and TargetScan. We obtained the initial relationship between miRNAs and mRNAs by taking 
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ceRNA-based mRNA-lncRNA cross talk in esophageal cancer the intersections of DEmRNAs and predicted mRNAs. The initial ceRNet results were visualized using Cytoscape version 3.5.1. 32 We then validated the elements of the initial ceRNet from three independent data sets (GSE6188, GSE89102, and GSE92396) and acquired a validated ceRNet. Finally, using the acquired ceRNet, we analyzed correlations between lncRNA and mRNA that competed for the same miRNAs in TCGA to identify the final oncocers. It was mandatory for these candidates that the relationship between lncRNA and mRNA conformed to the ceRNA hypothesis.
Functional analysis
The Database for Annotation, Visualization, and Integrated Discovery (DAVID) (https://david.ncifcrf.gov) 33 was used to obtain Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. The Gene Ontology Consortium (http://www. geneontology.org) [34] [35] [36] was used to analyze molecular activities of the gene products.
Statistical analysis
Statistical differences in expression data between normal and tumor groups were examined with Student's t-test, setting 0.05 as the cutoff. Expression data and correlation analyses were performed using GraphPad Prism 5.0 software (GraphPad, La Jolla, CA, USA). The LASSO regression model was built by the "lars" package (R version 3.3.3). 37, 38 To estimate the sensitivity and specificity of ceRNAs and the risk-score model, receiver operating characteristic (ROC) analysis was conducted and area under the curve (AUC) values used to assess prognostic performance. Figure 2A ). Additionally, 387 DElncRNAs containing 169 upregulated and 218 downregulated genes were detected in the two groups ( Figure 2B ). The few DEmiRNAs included 23 high-expression and 17 low-expression genes ( Figure  2C ). KEGG is a bioinformatic resource that is useful in understanding the biological function of genome sequences and other high-throughput data. 39, 40 The present KEGG results revealed that protein digestion and absorption were the most highly enriched pathways, indicating that the function of the digestive tract had significantly changed ( Figure  2D ). In addition, neuroactive ligand-receptor interaction, gastric acid secretion, pancreatic secretion, extracellular matrix-receptor interaction, the calcium signaling pathway, and the cAMP signaling pathway also ranked as the top enrichment pathways. Concerning the molecular function of the mRNA Gene Ontology analysis, voltage-gated ion channel activity was the most enriched function, followed by metallopeptidase activity, chemokine activity, ion channel activity, extracellular matrix structural constituent, transmembrane receptor protein, and celladhesion molecule activity ( Figure 2E ).
ceRNA network analysis ceRNAs share the same MREs to regulate RNA transcripts as a consequence of competing for the limited pool of miRNAs. Based on the expression profiles of DEmRNAs, DElncRNAs, and DEmiRNAs of patients with EC, an initial ceRNA network was built using R language and visualized by Cytoscape ( Figure 3A ). Nineteen DElncRNAs, eleven DEmRNAs, and six DEmiRNAs were selected by predicting targets of miRNAs from the multiple databases (Table 1) . Moreover, the miRNA profile GSE6188, lncRNA profile GSE89102, and mRNA profile GSE92396 were independent validation sets that allowed verification of the initial ceRNet. Four DEmRNAs (CADM2, MEST, HOXC8, and SERPINE1), five DElncRNAs (POU6F2-AS2, ADAMTS9-AS1, ADAMTS9-AS2, PVT1, and RMST), and four DEmiRNAs (hsa-miR372, hsa-miR301b, hsa-miR375, and hsa-miR145) displayed the same tendency and statistical difference between normal and tumor groups in both the training and validation sets ( Figure 4 and Table 1 ). Therefore, the ceRNet was confirmed and simplified ( Figure 3B ). To confirm further that lncRNAs interacted with mRNAs 
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ceRNA-based mRNA-lncRNA cross talk in esophageal cancer based on the ceRNA hypothesis, we performed a correlation analysis between lncRNAs and mRNAs of any miRNA in the validated ceRNet. Only two positive correlations were revealed between the expressed ceRNAs. CADM2 interacted with ADAMTS9-AS2, which was mediated by hsa-miR372, and SERPINE1 interacted with PVT1, which was mediated by hsa-miR145 ( Figure 5 , A and B). These were defined as two pairs of oncocers in EC. Figure 6D . The ROC analysis indicated excellent performance of the risk score in diagnosing EC, with an AUC of 0.988 (P<0.0001; Figure 6E ). Additionally, we evaluated the diagnostic performance of the risk-score model in different TNM stages ( Figure 6F ), tumor grade ( Figure 6G) , and in the presence and absence of symptoms ( Figure 6H ).
Discussion
There is a delicate balance between ceRNAs and miRNAs that is closely related to cell type and differentiation degree, and this balance is maintained by a variety of kinetic factors. 41 Once the expression of ceRNAs differs due to chromosomal or genetic mutations, the balance can be destroyed. Following the expression of the affected miRNAs, the expression of target genes regulated by miRNAs will also change, leading to the occurrence of a variety of diseases, including tumors. Therefore, the analysis of disordered ceRNets in tumor tissue provides a new perspective on the mechanism of cancer.
Changes in ceRNA expression have been found in various tumor-tissue types. For example, ZEB2 mRNA levels are decreased in melanoma cells, 42 the pseudogene PTENP1 is reduced in kidney carcinoma, 43 the expression of PTCSC3 lncRNA is downregulated in thyroid cancer, 44 and pseudogene OCT4-pg4 is highly expressed in hepatocellular carcinoma. 45 These changes in expression are often associated with progression and prognosis of cancers. So far, however, few studies have analyzed the relevance between ceRNAs and EC. One study described a change in ceRNA expression in EC cell lines through high-throughput RNA sequencing and microarray data. 19 A subsequent study systematically constructed a ceRNet in EC based on analysis of miRNA, lncRNA, and mRNA expression. 46 Nevertheless, the existing knowledge of ceRNAs and EC is incomplete. This prompted us to explore the regulation of ceRNAs in EC further. 
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In this study, we systematically analyzed expression data in EC tumors and normal tissue using TCGA. The analysis revealed that the mRNAs, lncRNAs, and miRNAs involved in tumor progression all exhibited variance from normal tissue. To uncover the interaction amongst these DEmRNAs, DEmiRNAs, and DElncRNAs, four databases, namely miRcode, miRDB, miRTarBase, and TargetScan, were used to construct an EC ceRNet. This showed the central involvement of miRNAs in the ceRNet, and they had the most important informational link with mRNAs and lncRNAs. We further found that four DEmRNAs (CADM2, MEST, HOXC8, and SERPINE1), five DElncRNAs (POU6F2-AS2, ADAMTS9-AS1, ADAMTS9-AS2, PVT1, and RMST), and four DEmiRNAs (hsa-miR372, hsa-miR301b, hsa-miR375, and hsa-miR145) were verified in the independent sets. In addition, only the interaction of hsa-miR372-centered CADM2-ADAMTS9-AS2 and hsa-miR145-centered SER-PINE1-PVT1 were confirmed by the correlation analysis. As such, two pairs of oncocers were revealed in EC.
It was a new discovery that hsa-miR372 was upregulated in tumors, implicating it as a target for cancer treatment. As for other oncocers, increasing evidence has indicated that they all affect the progression of various tumors. CADM2, which belongs to the family of cell adhesion molecules, has been reported to serve as a tumor suppressor. 47 It is lost or expressed in low levels in many cancerous tissue types, including prostate cancer, renal-cell carcinoma, and hepatocellular carcinoma. [47] [48] [49] [50] In EC, the role of CADM2 has been initially evaluated. CADM2 is strikingly reduced and regulated by miR21 in EC. 51 The overexpression of CADM2 can inhibit proliferation and induce apoptosis of EC cells. However, there have been no reports to date regarding the CADM2-related ceRNA pair via the construction of an EC ceRNet. ADAMTS9-AS2, an antisense transcript of the protein coding gene ADAMTS9, has been screened out and recognized as a key oncocer in cervical squamous-cell carcinoma through the construction of a ceRNet. 52 Nevertheless, the role of ADAMTS9-AS2 in EC remains unclear, 
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ceRNA-based mRNA-lncRNA cross talk in esophageal cancer despite its functions in breast, lung, and glioma cancers. [53] [54] [55] ADAMTS9-AS2-hsa-miR372-CADM2 cross talk has not yet been reported in any tumors. Moreover, another pair of hsa-miR145-centered SERPINE1-PVT1 was first acquired in tumors. Hsa-miR145 is significantly downregulated in colorectal cancer and Ewing's sarcoma. 56, 57 Its association with carcinogenesis in EC has been unclear. SERPINE1, which is located on chromosome 7, has been studied widely in a variety of tumors, including thyroid, colorectal, and ECs. [58] [59] [60] It was identified as a promising prognostic gene involved in multiple physiological processes. Consistent with our research, the high expression of SERPINE1 may be a potential cause for the invasion and metastasis of EC. The downregulation of SERPINE1 may be useful in treatment for EC patients. PVT1 has been reported to inhibit the expression of miR200a, miR200b, miR199a5p, miR497, miR152, miR186, and miR214 by acting as a ceRNA and also promoted cell invasion. 61 The mechanism of PVT1 mediating tumorigenesis still requires further study. 62, 63 The pair of hsa-miR145-centered SERPINE1-PVT1 that we identified could provide reference data for subsequent research on the mechanisms of PVT1 in EC or other cancers. 
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Chen et al Additionally, the joint detection of these two ceRNA pairs was more significant for the diagnosis of EC in comparison to the detection of single ceRNAs. The combined use of these two pairs provided higher predictive accuracy of 98.8% (AUC) for EC, while the AUC for detection of CADM2, hsa-miR372, ADAMTS9-AS2, SERPINE1, hsa-miR145, and PVT1 alone was only 92.5%, 62.09%, 85.1%, 72.8%, 78.2%, and 93.4%, respectively. The low rate of diagnosis of early-stage EC is a major factor affecting the survival rate of patients. 19, 20 Improvement in early diagnosis is needed urgently for improved treatment of EC. As shown in Figure  6 , F-H, we have reasons to believe that the risk-score model is potentially valuable in the early diagnosis of EC. The use of these two pairs of ceRNAs to guide the diagnosis and treatment of EC may be very fruitful.
This study was subject to a major limitation. Due to the lack of supporting molecular biology data, correlations among CADM2, hsa-miR372, ADAMTS9-AS2, SERPINE1, hsa-miR145, and PVT1 were determined based only on EC patient information available in databases. Our findings will have to be validated through a cluster of cases in our own institute and other institutes.
Conclusion
The hsa-miR372-centered CADM2-ADAMTS9-AS2 and hsa-miR145-centered SERPINE1-PVT1 are implicated in the carcinogenic mechanism of EC, and their joint detection could improve the diagnostic accuracy of EC.
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